Our previous study showed that TP53-induced glycolysis and apoptosis regulator (TIGAR) regulated ROS, autophagy, and apoptosis in response to hypoxia and chemotherapeutic drugs. Aescin, a triterpene saponin, exerts anticancer effects and increases ROS levels. The ROS is a key upstream signaling to activate autophagy. Whether there is a crosstalk between TIGAR and aescin in regulating ROS, autophagy, and apoptosis is unknown. In this study, we found that aescin inhibited cell viability and colony formation, and induced DNA damage, cell cycle arrest, and apoptosis in cancer cell lines HCT-116 and HCT-8 cells. Concurrently, aescin increased the expression of TIGAR, ROS levels, and autophagy activation. Knockdown of TIGAR enhanced the anticancer effects of aescin in vitro and in vivo, whereas overexpression of TIGAR or replenishing TIGAR downstream products, NADPH and ribose, attenuated aescin-induced apoptosis. Furthermore, aescin-induced ROS elevation and autophagy activation were further strengthened by TIGAR knockdown in HCT-116 cells. However, autophagy inhibition by knockdown of autophagy-related gene ATG5 or 3-methyladenine (3-MA) exaggerated aescin-induced apoptosis when TIGAR was knocked down. In conclusion, TIGAR plays a dual role in determining cancer cell fate via inhibiting both apoptosis and autophagy in response to aescin, which indicated that inhibition of TIGAR and/or autophagy may be a junctional therapeutic target in treatment of cancers with aescin.
INTRODUCTION
Colorectal cancer (CRC), the third most commonly diagnosed cancer in the world [1] is a major contributor to cancer morbidity and mortality [2, 3] . As multidrug resistance (MDR) is one of the significant attributions to result in the insensitivity of chemotherapy, recurrence and distant metastasis are the major causes of death [4] . Over the past several decades, many investigations have disclosed that several critical genes and aberrant molecular signaling pathways, including WNT/APC/β-catenin, EGFR, RAS/ MAPK, PI3K/AKT/GSK3β, TGF-β, NF-κB, TP53, and DNA mismatchrepair pathways, are important for the initiation and progression of CRC [5, 6] .
TP53-induced glycolysis and apoptosis regulator (TIGAR), a p53-inducible protein, functions to decrease fructose-2,6-bisphosphate (Fru-2,6-P2) levels in cells, and retunes cell metabolism from glycolysis to pentose phosphate pathway (PPP), resulting in increases in ribose and NADPH, the latter reduces oxidized glutathione (GSSG) to GSH and decreases reactive oxygen species (ROS) [7] . TIGAR lowers intracellular ROS and suppresses autophagy in response to nutrient starvation or metabolic stress, and functions to inhibit apoptosis [8] . TIGAR, as an oncogene protein, is overexpressed in breast cancer [9] , glioblastomas [10] , cytogenetically normal (CN-) AML patients [11] , nasopharyngeal carcinoma [12] , and CRC [13] . Of note, TIGAR plays a key role in intestinal proliferation and tumor initiation. In TIGAR-deficient mice, deficiency of TIGAR, NADPH, and nucleosides reduced small intestine proliferation and regeneration capacity in response to acute damage, and also reduced the tumor burden in intestinal adenoma model, which indicates that TIGAR and its downstream products of NADPH and nucleosides are required for the development of intestinal adenoma [14] . More importantly, our previous results demonstrated that TIGAR had a dual function in regulation of autophagy and apoptosis in epirubicin-treated cells [15] . Furthermore, we also found that TIGAR relocalizes to nucleus after epirubicin-or hypoxia-treated cancer cells and rescues cells from apoptosis via regulating CDK5/ATM pathway to reduce DNA damage and promote DNA repair [16] .
Aescin, a triterpene saponin separated from horse chestnut seed, was demonstrated to have anticancer effects over the past decades. Aescin induces growth arrest at the G1-S phase in CRC cells and inhibits the formation of colonic aberrant crypt foci (ACF) in rats [17] . Aescin suppresses cell proliferation and survival via inhibiting the activation of signal transducer and activator of transcription 3/Janus-activated kinase 2 (STAT3/JAK2) [18, 19] and NF-κB pathway, as well as synergistically potentiates the anticancer effect of other chemotherapeutic drugs [20] . Specifically, aescin synergistically potentiates the chemotherapeutic effect of 5-FU in HCC [21] and gemcitabine in pancreatic cancer cell [22] . Moreover, aescin also reverses MDR [23] and suppresses migration and invasion in different cancer cells [24, 25] .
TIGAR promotes tumor development via metabolic regulation and DNA repair. More importantly, TIGAR regulates autophagy and apoptosis in response to stress and cancer therapy. Aescin increases the levels of cellular ROS [26] that are key upstream signaling to activate autophagy [27] . However, whether TIGAR regulating autophagy and apoptosis determines cancer cell fate in response to aescin is unclear. In the present study, we focused on the functions of TIGAR in regulating DNA damage, ROS, autophagy, and apoptosis, by which TIGAR affected the anticancer effects of aescin. TIGAR partly protected cancer cells from apoptosis via decreasing DNA damage, promoting DNA repair, scavenging ROS, and regulating autophagy. Moreover, inhibition of autophagy increased aescin-induced apoptosis when TIGAR was knocked down. These data provided evidence that TIGAR and autophagy may be a potential therapeutic target in treatment of CRC with aescin.
MATERIALS AND METHODS

Materials and regents
Aescin was supplied by Shandong Luye Pharmaceutical Co., Ltd. (Yantai, China), dissolved in normal saline (NS), and diluted just before using. 3-MA was purchased from Sigma-Aldrich (St Louis, MO, USA). Hoechst 33342 was purchased from Beyotime (Shanghai, China). Epirubicin (Epi) was purchased from the First People's Hospital of Wujiang (Suzhou, China).
Cell culture Human colorectal cancer HCT-116 and HCT-8 cells were obtained from the Chinese Academy of Sciences (Shanghai, China) and human normal colon NCM460 cells were kept in the laboratory of College of Pharmaceutical Science (Suzhou, China). Cells were cultured with Dulbecco's Modified Eagle Medium (DMEM; GIBCO, C11965500BT) containing 10% fetal bovine serum (FBS; GIBCO; 10270-106), 100 IU/mL penicillin, and 100 IU/mL streptomycin in a humidified incubator at 37°C under 5% CO 2 atmosphere.
Cell counting kit-8 (CCK-8) analysis and colony formation analysis Cells were seeded in 96-well plates (3000 cells/well). After a series of treatment, cells were added 10 μL of CCK-8 (CK04-3000T, Dojindo, Japan) and incubated at 37°C for 2-4 h. The absorbance was measured at 450 nm with a microculture plate reader (Bie Tek). The percentage of growth inhibition was estimated by the absorbance.
As for colony formation assay, HCT-116 and HCT-8 cells were cultured in 6-well plates (200 cells/well) for 36 h, and then were treated with different concentrations of aescin (0, 5, 10, and 20 μg/mL) for 12 or 14 days until clones were visible. The medium was discarded and the clones were stained with crystal violet (C0121, Beyotime, Shanghai, China) for 15 min at room temperature. After washed six times with double distilled water, the clones were counted and photographed.
RNA interference and genes overexpression To inhibit autophagy, ATG5 siRNAs (GCAACUCUGGAUGG-GAUUGTT, ATG5 siRNA1; CAUCUGAGCUACCCGGAUATT, ATG5 siRNA2) were synthesized by GenePharma (Shanghai, China), and a scramble sequence (UUCUCCGAACGUGUCACGUTT) was synthesized as a negative control. To inhibit the expression of TIGAR, two siRNAs (GCAGCAGCTGCTGGTATAT; TIGAR siRNA1; TTAGCAGCCAGTGTCTTAG; TIGAR siRNA2) were synthesized by GenePharma, and a scramble sequence (TTACCGAGACCGTACGTAT) was synthesized as a negative control [15] . To overexpress TIGAR, the TIGAR plasmid (Flag-TIGAR) was transfected. Lipofectamine TM RNAiMAX and Lipofectamine 3000 (Invitrogen, USA) were used and the procedures were conducted as previously described [15] .
Western blotting analysis (WB) Preparation of total protein lysates and western blotting analysis was performed as described previously [15, 28] . The primary antibodies against PARP (#9532), γ-H2AX (#9718), p53 (#2524), ATG5-ATG12 (#12994), cleaved-caspase-9 (#9505), and cleavedcaspase-3 (#9661 and 9664) were from Cell Signaling Technology (CST, Danfoss, MA, USA). Cleaved-caspase-3 was also from ENZO Life Sciences (Lot No. 11021102 Farmingdale, NY, USA). β-Actin (A5441) and p62 (P0067) were from Sigma-Aldrich (St Louis, MO, USA). LC3 was from MBL (M186-3, Nagoya, Japan), TIGAR were from Abcam (#37910, Cambridge, UK). Fluorescence secondary antibodies (1:10,000; Jackson ImmunoResearch, antirabbit, 711-035-152, anti-mouse, 715-035-150) were used. Immunoreactivity was detected using Odyssey Infrared Imager (Li-COR Biosciences).
HCT-116 cells xenograft mice models HCT-116 cells were infected with lentivirus of EGFP-LV-shRNA-TIGAR (TIGAR: 5′-GATTAGCAGCCAGTGTCTTAG-3′; Shanghai Genechem Co., Ltd., Shanghai, China) to inhibit the expression of TIGAR. The lentivirus of EGFP-LV-shRNA-NC was used as negative control. The level of TIGAR was successfully decreased. The infected cells (2 × 10 6 ) were subcutaneously inoculated into the right iliac fossa of 6-week-old female athymic nude mice (Shanghai SLAC Laboratory Animal Co. Ltd.). The body weight of mice was measured weekly and the tumor growth was measured twice weekly using a caliper. The tumor volume was calculated as: volume (mm 3 ) = (length × width 2 ) × Π/6. When the tumors grew to the volume of 150-200 mm 3 , aescin (2 mg/kg) was intraperitoneally injected into mice every day for 12 days. Tumor sizes were measured every 3 days when aescin was treated. The mice were killed, and the tumors were removed and photographed. The weight of tumors was measured. Tumor proteins were extracted for western blotting analysis. Tumor tissues were also used for immunohistochemistry. All animal procedures were approved and monitored by the local Animal Care and Use Committee in Soochow University.
Flow cytometry (FCM) detection of apoptosis, cell cycle, and ROS The detection of apoptosis by flow cytometry (FCM) was performed as described previously [15] . In briefly, after a series of treatment, freshly trypsinized cells were collected, washed twice with PBS, and processed following the manufacturer's instructions. Cell apoptosis, cell cycle, and ROS were quantified with double staining of Annexin V-FITC and propidium iodide (PI) (Biouniquer, BU-AP0103), PI and H2-DCFDA (Beyotime, Shanghai, China), respectively. Ten thousands cells per sample were acquired with a FCMcan flow cytometer (FCMcan). Cell fluorescence was analyzed with flow cytometry using the Cell Quest Pro software (Beckman Coulter).
Immunohistochemistry (IHC)
The paraffin-embedded sections (5 μm thick) were prepared for examining the expressions of TIGAR, γ-H2AX, and Ki-67 (mouse anti-Ki-67: GeneTex Inc., Irvine, CA, USA) by immunohistochemistry with the streptavidin-peroxidase (S-P) kit (Fuzhou Maixin Biotechnology Development Co., Fuzhou, China). The detail procedures were performed as described previously [29] .
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Hoechst staining
The effects of aescin on DNA damage and apoptosis were evaluated using Hoechst 33342 staining. Cells were treated with 0, 20, 40, and 60 μg/mL aescin for 12 h. Then, cells were fixed in 4% paraformaldehyde and stained with Hoechst 33342 (10 μg/mL). Apoptotic nuclei were analyzed with laser scanning confocal microscopy (Nikon, C1S1, Tokyo, Japan).
Statistical analysis
Data were subjected to one-way ANOVA using the GraphPad Prism 6 software statistical package (GraphPad Software, Inc., La Jolla, CA, USA). When a significant group effect was found, post hoc comparison were performed using the Newman-Keuls t test to examine special group differences. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 are considered to be significant. ns, P > 0.05 vs. corresponding group. , and 48 h, respectively. Although aescin inhibited the cell viability of NCM460 cells, especially with treatment of 80 or 100 μg/mL aescin for 24 and 48 h, the cell viability was not significantly inhibited in NCM460 cells treated with 40 or 60 μg/mL aescin for 12 h. Therefore, treatment cells with 40 or 60 μg/mL aescin for 12 h were administrated to illustrate the mechanisms by which aescin regulated ROS, autophagy, and apoptosis in the following studies. Moreover, the long-term inhibition on cell proliferation by aescin was detected with colony formation assay. Similarly, aescin clearly inhibited the colony formation of the two cell lines in a dose-dependent manner (Fig. 1d, e) . These results indicated that aescin inhibited the proliferation of CRC cells.
RESULTS
Aescin inhibited the proliferation of CRC cells
Aescin-induced DNA damage, cell cycle arrest, and apoptosis of CRC cells Previous studies illustrated that aescin increased cellular ROS levels [26] , whereas, there is few evidence to determine whether aescin induces DNA damage. In order to determine the DNA damage induced by aescin, PARP and γ-H2AX, two DNA damageassociated markers, were detected with western blotting. As shown in Fig. 2a, b , aescin significantly increased the levels of activated PARP and γ-H2AX in a dose-and time-dependent manner. As a positive control, epirubicin (Epi) also produced DNA damage in HCT-8 cells. Next, we detected whether aescin induced cell cycle arrest. As shown in Fig. 2c, d , aescin significantly induced G1 phase arrest in a dose-dependent manner. The efficiency of G1 phase arrest in response to aescin was 49.37%, 54.33%, 60.14%, and 68.51% in HCT-116 cells treated with 0, 20, 40, and 60 μg/mL aescin for 12 h, as well as 59.58%, 63.76%, 68.5%, and 73.99% in HCT-8 cells, respectively.
Furthermore, Hoechst staining was performed to explore the chromatin condensation and fragmentation in response to aescin. High concentrations of aescin (40 and 60 μg/mL) significantly induced chromatin condensation and fragmentation in HCT-116 and HCT-8 cells (Fig. 2e, f) . Severe DNA damage may lead to cell apoptosis [30] . To further explore whether aescin-induced DNA damage could potentiate aescin-induced apoptosis, cell apoptosis was measured by Annexin V-FITC/PI staining and FCM method. After treatment with aescin (20, 40, 60 , and 80 μg/mL) for 12 h, the apoptotic percentages were 12.81 ± 2.38%, 30.12 ± 3.21%, 45.32 ± 3.21%, and 77.86 ± 7.65% in HCT-116 cells, and 6.25 ± 1.27%, 23.86 ± 1.41%, 39.78 ± 3.14%, and 60.55 ± 6.16% in HCT-8 cells, respectively (Fig. 2g, h ). These results showed that aescin could induce DNA damage and apoptosis in HCT-116 and HCT-8 cells.
Aescin-induced TIGAR upregulation and knockdown of TIGAR deteriorated aescin-induced apoptosis of CRC cells Our previous results demonstrate that TIGAR regulates DNA damage and apoptosis in response to chemotherapeutic drugs [15, 16] . Next, we further investigated whether aescin regulates the expression of TIGAR and whether TIGAR is implicated in aescin-induced DNA damage and apoptosis. As shown in Fig. 3a , b, the levels of TIGAR were significantly elevated with treatment of 10, 20, and 40 μg/mL aescin for 12 h or treatment of 60 μg/mL aescin for 9, 12, and 24 h in HCT-116 and HCT-8 cells. Previous evidence has shown that TIGAR is a downstream protein of TP53; [7] however, there is still a TP53-independent pathway to induce the expression of TIGAR [31] . In this study, we found that the level of p53 was not increased in aescin-treated cancer cells, indicating that the elevation of TIGAR was independent of p53 in response to aescin (Fig. 3a, b) .
To determine the role of TIGAR in aescin-induced apoptosis, TIGAR knockdown was performed with TIGAR siRNAs. TIGAR siRNA1/2 could effectively downregulate the expression of TIGAR in HCT-116 cells (Fig. 3c) . TIGAR knockdown apparently augmented aescin-induced apoptosis in comparison with aescin treatment alone in HCT-116 cells (Fig. 3d) . Furthermore, western blotting results showed that the levels of activated PARP, activated caspase-9, activated caspase-3, and γ-H2AX were higher in combination with TIGAR knockdown and aescin than aescin treatment alone in HCT-116 and HCT-8 cells (Fig. 3e, f) . These results demonstrated that aescin upregulated the expression of TIGAR; knockdown of TIGAR deteriorated aescin-induced apoptosis.
Overexpression of TIGAR and replenishment of NADPH and riboseattenuated aescin-induced DNA damage and apoptosis To investigate the protective function of TIGAR in response to aescin, we constructed the TIGAR overexpression plasmids, and the level of TIGAR was effectively elevated in HCT-116 cells (Fig. 4a) . Of note, TIGAR overexpression significantly attenuated aescin-induced DNA damage and apoptosis, as western blotting results showed that the levels of activated PARP, activated caspase-9, activated caspase-3, and γ-H2AX were apparently decreased in cells with overexpressing TIGAR in response to aescin (Fig. 4b) , suggesting the DNA protective and apoptosis suppressive functions of TIGAR in HCT-116 cells. In line with the western blotting results, FCM results also showed that the apoptosis was significantly decreased when cells were overexpressed TIGAR in response to aescin (Fig. 4c) .
TIGAR retunes cancer cell metabolism from glycolysis to PPP to produce NADPH and ribose, which plays key roles in DNA damage and apoptosis [7, 16] . We next investigated whether replenishment of NADPH and ribose could rescue aescin-induced DNA damage and apoptosis when TIGAR was knocked down. As shown in Fig. 4d , e, replenishment of NADPH and ribose markedly decreased the levels of activated PARP, activated caspase-9, and γ-H2AX induced by TIGAR knockdown and aescin, suggesting that NADPH and ribose functioned as the same roles as TIGAR overexpression to partly rescue the DNA damage and apoptosis. Moreover, FCM results consolidated the WB results that TIGAR 
replenishment of NADPH and ribose decreased aescin-induced apoptosis (Fig. 4f, g ). These data demonstrated that TIGAR exerted a protective effect on aescin-induced DNA damage and apoptosis in CRC cells.
Knockdown of TIGAR enhanced the anticancer effect of aescin in vivo
To further evaluate the effect of TIGAR in vivo, HCT-116 cells were infected with the lentivirus of EGFP-LV-shRNA-TIGAR (MOI = 10) to downregulate the expression of TIGAR. The efficiency of lentiviral infection was determined with fluorescence in HCT-116 cells (Fig. 5a ). The level of TIGAR was markedly decreased in infected LV-shRNA-TIGAR cells in comparison with the infected LV-shRNA-NC cells (Fig. 5b) . A xenograft model was successfully established in nude mice using the infected HCT-116 cells, and the tumors were removed from mice (Fig. 5c) . The body weight of mice was decreased with the administration of aescin in the first week; however, that was gradually increased in the second week, indicating that there were some toxic effects with treatment of aescin in vivo (Fig. 5d ). More importantly, TIGAR knockdown and aescin apparently reduced the tumor volumes and weight in comparison with aescin treatment alone (Fig. 5e, f) . Western blotting analysis of tumor tissue lysates revealed that the level of activated PARP was higher in combination with TIGAR knockdown and aescin than NC and aescin (Fig. 5g) , which suggested that TIGAR knockdown increased aescin-induced apoptosis in vivo. Moreover, immunohistochemistry results showed that the level of γ-H2AX was increased in combination with TIGAR knockdown and aescin (Fig. 5h) , indicating that TIGAR knockdown increased aescin-induced DNA damage in vivo. In addition, the level of TIGAR was apparently increased in aescin-treated NC group, while that was decreased in TIGAR knockdown groups (Fig. 5g, h ). These results suggested that TIGAR knockdown enhanced the anticancer effect of aescin in vivo. Aescin-activated autophagy and inhibition of autophagy and TIGAR exaggerated aescin-induced apoptosis TIGAR regulates autophagy and apoptosis in response to starvation and ROS [8] . Aescin elevates the levels of cellular ROS [26] , which are key upstream signals to activate autophagy [27] . Next, we investigated the role of TIGAR in regulating autophagy and apoptosis in response to aescin. The results showed that aescin apparently increased the level of LC3-II with treatment of 20, 40, and 80 μg/mL aescin for 12 h or treatment of 40 μg/mL aescin for 6, 9, 12, and 24 h in HCT-116 cells (Fig. 6a, b) , which indicated that aescin-activated autophagy. To determine the increase of autophagosome biogenesis or the decrease of autophagosome clearance in response to aescin, Bafilomycin A1 (Baf. A1), an inhibitor of autophagosome-lysosome fusion, was used to impede autophagosome clearance. As shown in Fig. 6c , Baf. A1 increased the levels of LC3-II and p62 in HCT-116 cells. Of g, h The levels of PRAP, activated caspase-9, γ-H2AX, TIGAR, LC3-I, LC3-II, ATG5-ATG12, and β-actin in HCT-116 cells by WB. Cells were treated with 40 μg/mL aescin for 12 h after cells were transfected with TIGAR siRNA1 and/or ATG5 siRNA2 for 36 h (g). Cells were transfected with TIGAR siRNA1 for 36 h, then pretreated with 3-MA for 12 h before cells were treated with 40 μg/mL aescin for 12 h (h). β-actin was used as a loading control. The values are means ± SD from three independent experiments. **P < 0.01, ***P < 0.001, ns P > 0.05 vs. control group note, the elevated level of LC3-II induced by aescin was further increased in the presence of Baf.A1, suggesting that aescin induced apparent augmentation of autophagosome formation rather than reduced autophagosome clearance. Our previous study shows that knockdown of TIGAR activates epirubicin-induced autophagy, which exerts a pro-survival function in cancer cells [15] . We next investigated whether knockdown of TIGAR further activates aescin-induced autophagy. As we speculated, knockdown of TIGAR further increased the level of LC3-II induced by aescin (Fig. 6d) , suggesting that inhibition of TIGAR elevated aescin-induced autophagy. ROS serve as the upstream signaling pathway in activating autophagy in many models. Consistent with previous studies, aescin increased the levels of ROS, which were further elevated by TIGAR knockdown in HCT-116 cells.
We next investigated the role of autophagy in response to aescin when TIGAR was knocked down. Autophagy inhibition was performed with ATG5 siRNAs or 3-MA, which is an inhibitor of class I PI3K and class III PtdIns3K, and suppresses the class III PtdIns3K to inhibit autophagy [32] . As shown in Fig. 6f , the level of ATG5-ATG12 was markedly decreased when ATG5 siRNA1 and ATG5 siRNA2 were transiently transfected into HCT-116 cells. Furthermore, inhibition of autophagy or TIGAR knockdown using siRNAs mildly increased the levels of activated PARP and activated caspase-9 in aescin-treated HCT-116 cells (Fig. 6g) . More importantly, inhibition of autophagy and TIGAR knockdown significantly increased the levels of activated PARP, activated caspase-9, and γ-H2AX, indicating that inhibition of autophagy and TIGAR synergistically augmented aescin-induced apoptosis (Fig. 6g) . Similarly, 3-MA or TIGAR siRNA1 mildly increased the levels of activated PARP, activated caspase-9, and γ-H2AX (Fig. 6h) . Moreover, 3-MA and TIGAR siRNA1 apparently increased the levels of these proteins (Fig. 6h) . These results demonstrated that TIGAR knockdown further enhanced aescin-induced ROS and autophagy. Inhibition of the elevated autophagy exaggerated aescin-induced apoptosis.
DISCUSSION
Aescin exerts anticancer effects and increases cellular ROS [26] . In this study, we found that TIGAR played important roles in aescin's anticancer effects via regulating autophagy and apoptosis. Aescin not only induced DNA damage and autophagy activation, but also upregulated TIGAR protein levels. Knockdown of TIGAR exacerbated aescin-induced DNA damage, apoptosis, and autophagy activation. Knockdown of TIGAR and/or inhibition of autophagy enhanced aescin's anticancer effects in vitro or in vivo. Thus, TIGAR plays protective roles in cancer cells by inhibiting DNA damage and apoptosis, but TIGAR limited autophagy activity and this action is unfavorable to cancer cell survival.
TIGAR is overexpressed in various types of cancer tissues. TIGAR, as a stress response protein, is upregulated in different kinds of stress, including starvation [8] , hypoxia [33] , ionizing radiation [34] , DNA damage, and chemotherapeutic drug treatment [15] . In addition, TIGAR regulates cancer cell metabolism to confer cell survival in mild stress. TIGAR lowers ROS and autophagy to reduce apoptosis in response to starvation and hypoxia via metabolism conversion from glycolysis to PPP. Following the DNA damage reaction, apoptosis, a prominent route response to the lesion, is induced and various signal pathways are involved in the reaction [35] . Moreover, many chemical genotoxins induce apoptosis because of the consequence of retarding the DNA replication [30] . Thus, severe DNA damage may lead to cell apoptosis and TIGAR may regulate cancer cell apoptosis via modulating ROS, autophagy, and DNA damage and repair.
In the present study, we found that aescin upregulated the expression of TIGAR in cancer cells (Fig. 3) . Considering the carcinogenic functions of TIGAR in CRC tissue [13] and intestinal adenoma model [14] , we strived to demonstrate the functions of TIGAR in aescin's anticancer effects. Consistent with the previous studies, TIGAR exerted positive functions to antagonize the anticancer effects of aescin, as our results showed that TIGAR knockdown aggravated aescin-induced DNA damage and apoptosis (Fig. 3) , and also enhanced aescin's anticancer effects in vivo, indicating the protective functions of TIGAR on cancer cells (Fig. 5) . On the contrary, overexpression of TIGAR reduced aescininduced DNA damage and apoptosis (Fig. 4) . Notably, replenishment of NADPH and ribose partly rescued the DNA damage and apoptosis induced by aescin and TIGAR knockdown (Fig. 4) . These results suggest that TIGAR plays key protective roles in response to aescin via metabolic regulation and its downstream products of NADPH and ribose.
Autophagy is stimulated by multiple forms of stress, such as metabolic stress, endoplasmic reticulum (ER) stress, hypoxia, DNA damage, and elevated ROS [36] . Autophagy is one of defense mechanisms against oxidative stress damage [37] . Furthermore, there is a crosstalk between autophagy and apoptosis, and the activation of autophagy and the context determine the roles of autophagy in cancer [38] . Although we have illustrated the dual functions of TIGAR in modulating autophagy and apoptosis in HCC cells [15] , the complexity of autophagy in various cancers or in the same cancer at the different stages may play positive or negative functions in affecting the progress and the chemo-sensitivity of cancers, which makes us to further explore whether the dual regulatory effects of TIGAR on cancer cells also occur in other cancers or in response to other chemo-drugs. In response to aescin-induced stress and damage reaction, autophagy, as a defensive action, was activated by aescin (Fig. 6) . Concurrently, TIGAR, as a stress response protein, was also upregulated by aescin. There were two protective reactions in response to aescin, one is the increase of TIGAR protein levels, and the other is the increase in autophagy activity. Does TIGAR play dual functions in aescintreated cancer cells via regulating autophagy and apoptosis? Our results showed that knockdown of TIGAR increased aescin-induced autophagy and ROS (Fig. 6) . The elevated autophagy protected cancer cells, as inhibition of autophagy exacerbated the DNA damage and apoptosis induced by aescin and TIGAR knockdown (Fig. 6) . Collectively, these results underline a protective role of autophagy in the anticancer effects of aescin, indicating TIGAR has a dual role in determining cancer cell fate via inhibiting both apoptosis and autophagy in response to aescin in CRC cells.
The mechanisms of TIGAR in modulating autophagy and apoptosis in vivo may be complicated in various context. The functions of TIGAR in vivo may be different from in vitro. To further demonstrate the functions of TIGAR in promoting cancer progress in vivo, we inhibited the expression of TIGAR using lentivirus. Consistent with the in vitro results, inhibition of TIGAR enhanced the anticancer effects of aescin in vivo, suggesting that TIGAR may be a therapeutic target in treatment of CRC [14] . In addition, we also found the decrease of body weight when aescin was administrated in the first week, suggesting some toxic effects with treatment of aescin in vivo. Moreover, aescin exhibited the toxic effects in normal colon NCM460 cells (Fig. 1c) , which may limit the clinical application in treatment of CRC. However, in combination with TIGAR knockdown, or autophagy suppression may provide strategies to reduce the dose of aescin and the side effects, while increases the anticancer efficacy.
In conclusion, TIGAR was upregulated in response to aescin and played key roles in aescin-induced apoptosis via regulating DNA damage and repair, ROS, and autophagy. Hence, targeting the regulation of TIGAR expression or autophagy could represent a promising therapeutic strategy for enhancement of the anticancer effects of aescin in CRC therapeutic interventions.
